An increased alveolar-arterial oxygen tension difference has been demonstrated in surgical patients both during and after operation. This has been attributed to both surgical and anaesthetic factors, but it is only in recent years that more detailed investigation of the anaesthetic-related causes has been undertaken. Don et al. (1970) showed that there was a decrease in functional residual capacity following induction of anaesthesia. This finding has been subsequently verified by other workers, including Hickey et al. (1973) . It has been shown that if this fall in functional residual capacity is associated with a greater than normal degree of airway closure occurring within the tidal volume range, then an increased alveolar-arterial oxygen tension difference results. This is probably the major cause of the increased alveolar-arterial oxygen tension difference which occurs during and immediately after anaesthesia. However, another mechanism may be partly responsible. Normally, mismatching of ventilation and perfusion is minimized by hypoxic pulmonary vasoconstriction in underventilated, and thus hypoxic, areas of the lung. It was suggested by Sykes et al. (1972) that inhalational anaesthetic agents might reduce or abolish the normal vasoconstrictor response to hypoxia and thus allow an increased flow of blood past underventilated alveoli. This reduction of hypoxic pulmonary vasoconstriction might increase ventilation/ perfusion (\iA/Q) mismatching and tend to increase the alveolar-arterial oxygen tension difference. Sykes et al. (1973) confirmed that this abolition of hypoxic pulmonary vasoconstriction in the isolated perfused lungs of the cat could be produced by halothane, trichlorethylene and diethyl ether in clinically used concentrations. In that study, the severe stimulus of three per cent oxygen was used to elicit the hypoxic response and pH was maintained in the range of 7 ·30-7 ·45. It is known (Barer, Howard and Shaw 1970) that lesser degrees of alveolar hypoxia will lead to a pulmonary vasoconstrictor response and that both hydrogen ion concentration and carbon dioxide affect pulmonary vascular tone (Viles and Shepherd 1968) . The present study was undertaken to extend the scope of the previous investigations on the isolated perfused cat lung. With the pH of the perfusing blood maintained either in the range of 7 ·35-7 ·40 (Group I) or of 7 ·25-7 ·30 (Group Il), the inspired oxygen concentration was lowered progressively from the resting level of 20 per cent to 15, 10 and 5 per cent. The effect of halothane 0·5 per cent on the resultant pulmonary hypoxic vasoconstriction was then studied. By using an oxygen concentration which corresponded approximately to that of mixed venous blood (5 per cent) together with higher concentrations (15, 10 per cent) such as might be found in underventilated alveoli, the possible relevance of this mechanism to clinical practice was further evaluated.
METHODS
Adult cats weighing between 2·1 and 4·5 kg were used in the study. Anaesthesia was induced with intravenous or intraperitoneal pentobarbitone in a dcse of 30-40 mg/kg of body weight. Constant flow perfusion of the pulmonary circulation was then established using the surgical technique described in a previous paper ( Figure 1 ) (Sykes et al. 1973) . After heparin administration (3 mg/kg intravenously), the cat was completely bled out from the right atrium into the perfusion circuit and heated reservoir (temperature 37° C). The pulmonary artery and left atrium were cannulated so that perfusion of the pulmonary circulation could be re-established within 6-] to be maintained at a constant level which ensured full perfusion of the entire depth of both lungs. The protocol followed throughout each perfusion is illustrated in Figure 2 . Before each hypoxic sequence, pH was checked and if necessary, sodium bicarbonate was administered in the di)se (usually 0·25-1 ·0 mEq) required to bring the pH of the perfusing blood to within the appropriate range. Bicarbonate administration was complE'te five minutes before each hypoxic sequence. pH was also measured during five per cent hypoxia on a number of occasions. Heparin 3 mg/kg was repeated approximately an llOur after the initial dose. Haematouit was measured at the times shown. The ventilating-gases were delivered from a volume preset second stage paediatric ventilator which took its supply from premixed gas cylinders. After perfGsion was established all the ventilating ga~es contained five per cent carbon dioxide to ensure that blood carbon dioxide remained constant and approximated to the normal state at all timfs. Initially, the ventilating gas contained 20 per cent oxygen but during the hypoxic sequence was changed successively to 1 fl, 10 and five per cent oxygen Anaesthesia and Intensive Care, Vol. /I, Xo . .j, August, 1974 (with five per cent carbon dioxide and nitwgt'n) for periods of three minutes for each hypoxic gas mixture. This sequential order of exposure to the hypoxic gas mixtures was decided upon after preliminary perfusions had shown that it was not possible to present the gas mixtures singly in a random order during the limited duration of satisfactory respon~e of the preparation. The ventilator was set so that the peak airway plessure was initially +10 cm of water. An end-expiratory pressure of +2 to +3 cm of water was added to maintain expansion of the lungs. The gas supply and ventilator circuit was arranged so as to reduce its washout time tc a minimum. When the hypoxic response was brisk, a plateau value for increase of pulmonary artery pressure was generally reached in about half the period of exposure to each gas mixutre. A typical pattern of change in pulmonary arterial pressure is shown in Figure 3 . Three minutes after the conclusion of the first hypoxic sequence (A), halothane 0·5 per cent was introduced into the ventilating gas from a " Drager" vaporizer and 12 minutes later the hypoxic sequence (B) was repeated. At the conclusion of this sequence, the halothane was withdrawn. Fifteen minutes later, the hypoxic sequence (C) was repeated. In Group I (pH 7 ·35-7 ,40) a fourth hypoxic sequence (D) was obtained 15 minutes later. In Group II (pH 7 ·25-7 '30), the pH of the perfusing blood was raised to that of Group I with sodium bicarbonate before the hypoxic sequence D. Thus, four hypoxic sequences (A, B, C, and D) of 15, 10 and five per cent oxygen were carried out during each perfusion. Periodic hyperinflation of the lungs was performed to minimize collapse.
Pulmonary arterial, left atrial and airway pressures were measured using Consolidated Electrodynamics transducers. These were calibrated against water manometers. Pressures were recorded with a Devices hot wire polygraph. Together with the constant flow value obtained from the roller pump, this data was used in the calculation of pulmonary vascular resistance. Provided that airway pressure and left atrial pressure were constant, pulmonary perfusion pressure was obtained by subtracting left artial from pulmonary arterial pressures. This value was divided by pulmonary blood flow to establish pulmonary vascular resistance.
Pulmonary Vascular Resistance (mm H~( 100ml(minute) = Pulmonary arterial-left atrial pressures
Pulmonary blood flow (ml/minute) The composition of all ventilating gases was checked for oxygen with a paramagnetic analyzer (Servomex OA 101) and for carbon dioxide with the Aimer modification of the Haldane apparatus. Oxygen values were within 0·2 per cent of the stated values and carbon dioxide within 0·1 per cent. pH was measured using a Radiometer electrode system c;:dibrated repeatedly against reference buffers. The perfusion circuit was cleaned carefully hetween each case. The silicone tubing was changed every five to six perfusions and the roller pump tested prior to use to see that it wac; occlusive to a static pressure of greater than 300 cm of water. The flow calibration was checked and where necessary the appropriate correction was applied to the stated flow value.
RESULTS
Of 38 perfusions established, technically satisfactory results were obtained in 27. Group I comprised 14 perfusions at normal pH (7 ·35-7 ·40). In this group there were six control perfusions--Group J (i)-and eight perfusions exposed to halothane-Group I (ii). Group II comprised 13 perfusions which were maintained at a lower pH (7 ·25-7 ·30). Four of these acted as controls-Group II (i)-while nine were exposed to halothane-Group II (ii). Mean time from the clamping of the pulmonary artery to establishment of perfusion (pulmonary i~chaemic time) was eight minutes with a range from six to 13 minutes. Perfusion time for completion of the actual protocol was 90 minutes from the commencement of the first hypoxic sequence (A) However, with a variable time for the establish-ment of the specified conditions, perfusion time ranged from 100 to 130 minutes. Left atrial pressures in Group I were in the range of +4'H to +1>·0 mmHg and in Group II in the range of +2'9 to +6·] mmHg. However, in each perfusion the left atrial pressure was virtually constant. Thus a change in pulmonary vascular resistance was indicated by an alteration of pulmonary arterial pressure: PUDIOXARY YASCl'LAR RESISTA:\CE This was calculated from pressure and flow data as shown ahove. It has -been expressed in two wavs. Table J shows values obtained   during each hypoxic sequence, while Table 2 show~ the change in pulmonary vascular resistance in response to hypoxia. The significance of t1'.t: changes in Table 2 has been demonstrated by StudE'llt's t test for paired data. As all changes were in one direction, a single tailed test was applied to determine the value for P. Table I excludes certain perfusions in which data was incomp:ete. However, the data has been included with the paired results in Table 2 where each pair included its own control value and as such was valid in its own right. This accounts for the differe1~ce between the num bers in crrtain groups in the two tables. Group II (pH range 7·~.j-7.:10) (i) Perfusions not exposed :"0 * pH restored to ran,ge 7·3;;-7' -i0 for these hypOXIC sequences. _
Brackete(] figures below mean \',du('s= percent change from re,tlll,C: 1",-e1 . * pH was raised to 7·35-7·40 for these hypoxic sequences.
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re~resents the changes in pulmonary vascular re"lstance as a histogram. Both tahles and figure show the progressive increase in pulmonary vascular resistance which occurred with increasing alveolar hypoxia. The effect of halothane (during hypoxic sequence B) was to reduce the magnitude of the rise in pulmonary vascular resi~tance, particu1arly in response to 1 i) and ] () per cent oxygen. The respon~e to five per cent oxygen WclS reduced by a moderate amount only in response to this low concentration of halothane. The degree of effect of halothane was best observed by comparing the return of response from hypoxic sequences B to C of Groups I (ii) and 11 (ii) with the better maintained responses in the same sequences of Groups I (i) and 11 (i). With the small numbers of perfusions in each ffrouP, statistical analysis was of limited value. The change in pulmonar~' vascular frsistance in response to hypoxia was significant in most cases (Table 2) . There was a fall in pulmonary vascular resistance on 20 per cent oxygen at the time of the sccond B c 0 -hypoxic ,.;equencc (B) whether halothane was administered or not.
Lowering of the pH of the perfusing blood by
(1,1 pH units cau"ed a significallt ri"e in pulmonary vascular resistance. The difference in mean pulmonary vascular resistance (Table 1) between (~roups r (ii) and II (ii) was significant (P<O'Ol) during the initial hypoxic sequences (A) at re,.;ting levels (20 per cent oxygen) and for each of the hypoxic gas mixtures. This difference hecame statistically insignificant by the time of the third hypoxic sequence (C) with the decrease in respon,.;t> following halothane and as the preparation deteriorated.
There was no evidence of pH change affecting the magnitude of the response to hypoxia. Thc change in pulmonary vascular resistance, even in response to five per cent oxygen, did not differ significantly in Group I and Group II perfusions. In addition, there "'''.s IlO cvidence that the presence of halothane during hypoxic ~equence B <l.Itered the respon,.;e to hypoxia as a result of tl,(' rlifferent pH of the hlood in the Group I and Group II perfusions. The effect of restoring pH to the higher range in Group 11 for hypoxic sequence (D) was to marginally lower pulmonary va.scular resistance but not to alter the magnitude of the hypoxic response.
pH CHANGES There was a tendency for a fall in pH throughout the perfusion which necessitated increments of sodium bicarbonate from time to time. In a number of perfusions, pH was checked during the response to five per cent oxygen. Results are expressed graphically in Figure 5 . There was no significant change in pH related to the hypoxia alone during these relatively brief hypoxic sequences. .
HAEMATOCRIT
In eight perfusions, haematocrit was measured by the standard micro-method. It changed from 30·0±4·0 to 30·5±4·0 (S.D.) over a period of approximately 100 minutes. DISCUSSION This study showed that graded alveolar hypoxia produced a progressive rise in pulmonary vascular resistance. It was further shown that this effect was not significantly altere~ by a small alteration in tne pH of the perfusmg blood although the lower pH in the Group 11 perfusions was associated with a significantly higher pulmonary vascular resistance. The effect of halothane was to reduce the. magnitude of the rise in pulmonary vascular resIstance produced by alveolar hypoxia. The attenuation of pulmonary hypoxic vasoconstriction was similar whether the pH of the perfusing blood was maintained at 7 ·35-7 ·40 or at 7 ·25-7 ,20. However, before assuming that these changes were due to hypoxia as described, it was necessary to ensure that changes in other variables were not affecting pulmonary vascular resistance.
. E~perimental work on the pulmonary circula-tIOn IS greatly complicated by the many factors which affect blood flow through the lungs. In an attempt to reduce the number of these varia~les, the isolated perfused lung has been used m many studies on intrinsic circulatory mechanisms. However, the performance of the isolated lung is thereby considerably altered from that occurring in vivo.
It will be apparent from the method of perfusion that there was no bronchial circulation. AI~ison, Daly and Waaler (1961) showed that this abolished autonomic activity in the lungs within 30 minutes. In the present study, flow rates were kept constant and the alteration of pressure gradients observed. The alternative (Barer et al. 1970) is to maintain pulmonary perfusion pressure at a constant level and to measure changes in flow. During both constant flow and constant pressure perfusion it is necessary to maintain a stable left atrial pressure since changes affect measured pulmonary vascular resistance. In the present study this was achieved by allowing the venous drainage from the left atrium to be discharged at atmospheric pressure with the left atrial pressure maintained by the height between the atrium and discharge point.
Blood temperature was maintained at a constant level by means of the heated reservoir. Sykes et al. (1973) presented indirect evidence to suggest that there was little alteration of the viscosity of blood during the perfnsions. In the present study" haematocrit changes were minimal.
There was a tendency for airway pressure to rise during the course of most perfusions. This represented a decrease in lung compliance as the preparation deteriorated. By the time obvious pulmonary oedema was noted, the preparation was usually completely nonresponsive. The need to maintain carbon dioxide at constant levels and the pH within narrow limits was mentioned earlier. With the constant blood flow and inspired carbon dioxide levels, it was unlikely that there would be any alteration in the PC0 2 of the perfusing blood except perhaps transiently after sodium bicarbonate administration. It was not possible to demonstrate any pH changes which were related to the hypoxia alone. The fall observed ( Figure 5 ) appeared to be part of the trend to a drop in pH during the period of perfusion, presumably as a result of continuing metabolic activity in the lungs and perfusing blood. The change in pH during the period of a hypoxic sequence (nine minutes) was insufficient to account for the rise in pulmonary vascular resistance as measured.
Under these circumstances, it was reasonable to attribute the change in pulmonary vascular resistance to the altered alveolar oxygen level.
The progressive rise in pulmonary vascular resistance demonstrated as a result of increasing alveolar hypoxia was in keeping with the findings of Barer et al. (1970) , who presented asymptotic stimUlus-response curves for hypoxia. Similarly the rise in pulmonary vascular resistance associated with a fall in pH agreed with the findings of Barer, :\IcCurrie and Shaw (1971) and of J\1alik and Kidd (1973) . In the present study it was not possible to demonstrate any change in the magnitude of the hypoxic response resulting from a drop in pH of 0·1 pH unit. Augmentation of the hypoxic response with fall in pH was reported by Barer et al. (1971) although :\lalik and Kidd (1973) suggested that if carbon dioxide levels in the blood were controlled (as in the present study) then a reduction in pH resulted in a diminution of pulmonary' hypoxic vasoconstriction. I n their stud~' (conducted in dogs) a small fall in pulmonary vascular resistance occurred during continuing h~;poxia following the administration of an acid infusion. (~rand and Downing (1970) noted that although the net increase in pulmonary artery pressure for a given flow was greater with combined hypoxaemia and acidaemia, the additional increase produced by hypoxaemia during acidaemia was not greater tilan the response to hypoxia at normal pH. Sykes et al. (197:~) noted a fall in pulmonary vascular resistance with 20 per cent oxygen during halothane administration similar to that seen in the present study. Analysis of their data showed that there was also a fall in resting pulmonary vascular resistance between the first and second h~'poxic responses (mean values 11·5 and JO'4) in their control perfusions to which no anaesthetic was administered. A similar fall was seen in hypoxic sequences A and B of the Groups I (i) and 11 (i) perfusions in the present study. It was possible that this represented the redistribution of blood flow to a greater number of pulmonary vessels following the initial period of hypoxic pulmonary vasoconstriction or occurred as a result of the gradual destruction of catecholamines released into the bloodstream during the ,.;urgical preparation and bleed out.
The low concentration of halothane used in this study was not sufficient to abolish the pulmonar~' vasoconstrictor response to five per cent oxygen. It did considerably reduce the rcsponse to the administration of 15 and 1 () per cent oxygen. Such oxygen concentrations might well be encountered in populations of undervcntilated alveoli in the intact lung during ventilation with gas mixtures containing normal amounts of oxygen. Markello, \Vinter and Olszowka (1972) showed that an alveolar P0 2 of 70 mmHg (which was approximately the le\'e! reached during-ventilation \\'ith 10 per cent oxygen in the present study) would be associated with alveolar units having a ventilation/ perfusion ratio near 0·3 during air breathing. Such a ratio is well within the limits known to occur in the lung. Depending on the proportion of alveolar units with low ventilation/perfusion ratios, even a relativel\' low concentration. of halothane might increase the blood flow to underventilated units and thus contribute to increased ventilatioll/perfusion mismatchin!!, so leading to arterial hypoxaemia. The pattern of depression of the hY'poxic response by halothane wa'i similar in both Group I and Group I I Jlerfusions. Thus within the narrow limits tested, there was no e\'idence to suggest that pH changes affected tile action of halothane on the pulmonary circulation.
This study confirmed the findings of Sykes et al. (1973) that the modification of this basic pulmonary circulatory response might alter the reactivity of a mechanism hy which regional ventilation and blood flow was matched. It showed that the alteration might occur with minor degrees of alveolar h\'poxia. The study was purely a qualitative one and gave no indication of the importance of the mechanism in the intact animal. Because of thc manv differences between these perfusions and the functional human lung, correlation of these findings with clinical observations should be made with considerahle caution. _4naesthl'sia alld iutl'lIsiVf Carl'. /-'(11. TT . . Yn . . ), .-ll1{iust. lfI7.J
